A process for converting starch or partially hydrolyzed starch into a syrup containing dextrose includes the steps of saccharifying starch hydrolyzate in the presence of a saccharifying starch hydrolyzate in the presence of a mutated glucoamylase or related enzyme and increasing the selectivity of the enzyme for α-(1→4)-glucosidic bonds by the glucoamylase or related enzyme by including at least one mutation, the mutation substituting an amino acid of the enzyme with at least one amino acid chosen by comparison with structurally related regions of other enzymes that selectively hydrolyze only α-(1→4) glucosidic bonds. Enzymes made in accordance with the present invention are also disclosed.
glucosidic bonds by the glucoamylase or related en zyme by including at least one mutation, the mutation substituting an amino acid of the enzyme with at least one amino acid chosen by comparison with structurally related regions of other enzymes that selectively hydro lyze only a-(l-A) glucosidic bonds. Commercially, the glucoamylase enzyme is used to convert cornstarch which is already partially hydro lyzed by a-amylase to glucose. The glucose is further converted by glucose isomerase to a mixture composed almost equally of glucose and fructose. This mixture, or the mixture further enriched with fructose, is the com monly used high fructose corn syrup commercialized throughout the world. This syrup is the world's largest tonnage product produced by an enzymatic process.
The three enzymes involved in the conversion of starch 30 to fructose are among the most important industrial enzymes produced, even though two of them, a-amy lase and glucoamylase, are relatively inexpensive on a weight or activity basis.
Two main problems exist with regard to the commer cial use of glucoamylase in the production of high fruc tose corn syrup. The ?rst problem is with regard to the thermal stability of glucoamylase. Glucoamylase is not as thermally stable as a-amylase or glucose isomerase and it is most active and stable at lower pH's than either a-amylase or glucose isomerase. Accordingly, it must be used in a separate vessel at a lower temperature and pH. Second, at the high solids concentrations used com mercially for high fructose corn syrup production, glucoamylase synthesizes di-,tri-, and tetrasaccharides from the glucose that is produced. Accordingly, the glucose yield does not exceed 95% of theoretical. By quantity, the chief by-product formed is isomaltose, a disaccharide containing two glucosyl residues linked by an a-(1->6) bond. A glucoamylase that can produce glucose without by-products would be of great com mercial potential if its cost were not signi?cantly higher than that of the current enzyme being produced, which is made by the two very closely related fungal species Aspergillus niger and Aspergillus awamori. The glucoa mylases from these two sources are identical.
Glucoamylases from a variety of fungal sources have been sequenced and have high homology (1,2). The high homology between the variety of fungal sources suggests that the enzymes are all structurally and func tionally similar. Furthermore, kinetic measurements on a number of glucoamylases have demonstrated that their subsite binding energies are almost identical (3, 4, 5, 6, 7) .
Applicant has conducted studies of the homology of amino acids from identical A. niger and A. awamori glucoamylases, both with other glucoamylases and with other enzymes that hydrolyze starch and related sub 5 15 35 2 stances (8). This was done to identify amino acids that were common to enzymes that cannot cleave a-(l->6) glucosidic bonds (chie?y a-amylases) from those that can hydrolyze a-(l->6) glucosidic bonds (glucoamy lases and isomaltase).
Applicant has found that glucoamylase is represented in three out of six regions of sequence similarity among several starch hydrolases (8). It has been determined that Region 1 from A. niger glucoamylase residues 109-122, Region 4 from glucoamylase residues 172-184, and Region 6 from residues 382-398 contain these se quence similarities. The regions represent sequence similarities among enzymes cleaving only a-(1->4) bonds, enzymes cleaving only a-(l-->6) bonds, and glucoamylase, which cleaves both. Amino acids at posi tions 178, 182, 183 and 184 differed between the groups, which suggested changing amino acids at these posi tions. Applicant has also noted homology at position 119. By utilizing cassette mutagenesis, applicant made substitutions of amino acids at these various positions consistent with the homology studies (8).
In connection with the fourteenth ICS meeting in Stockholm in 1988, applicant presented a poster disclos ing that site-directed mutagenesis supports the partici pation of Tyr1l6 and Trpl20 in substrate binding and Glul 80 in catalysis. Moreover, a role was suggested for Trpl70 in isomaltose binding, but this aspect remains to be studied by site-directed mutagenesis. The poster also disclosed that the mutation of Asnl82 to Ala provided an active enzyme, but no results were disclosed or sug gested regarding relative speci?city of that enzyme.
As stated above, a drawback in the industrial use of glucoamylase is that D-glucose yields are limited to approximately 95% in concentrated starch solutions. This occurs because of the slow hydrolysis of a-(1-+6) D-glucosidic bonds in starch and the formation of vari ous accumulating condensation products, mainly a (l->6)-linked isomaltooligosaccharides, in a stepwise 40 manner from D-glucose (9). A reduction of the rate that 45 glucoamylase cleaves and therefore forms a-(1->6) bonds relative to the rate it cleaves a-(1->4) bonds has ~practical implications. Mutations at Trpl20, Aspl76, Glul79 and Glul80 in A. awamori glucoamylase all were critical for enzyme activity (10, 11) . Applicant proceeded to investigate further amino acid mutations in order to increase the selectivity of glucoamylase for maltose over isomaltose hydrolysis. These experiments are problematic since the three-dimensional structure of 50 glucoamylase has not been determined. Instead, pri Applicant thus conducted tests, for example involv ing mutations of Ser119, Leul77, Trp178, Asn182, Gly183, and Serl84.
In Region 1 (FIG. 1) , the glucoamylases at positions corresponding to A. niger 119 have either Ser, Ala or Pro where the a-amylases and cyclodextrin glucano transferases (CGTase) all have Tyr. Therefore, Ser119 of A. niger glucoamylase was mutated to Tyr so it would resemble the a-amylases and CGTases.
In Region 4, Leul77 was mutated to His, since en zymes active on a-(1->6)glucosidic bonds characteristi cally contain amino acid residues with smaller aliphatic side chains at this homologous position, while enzymes Pursuant to the present invention, all of the above changes were constructed to make glucoamylase resem ble more closely the a-(l->4) bond hydrolyzing en zymes and less closely the a-(1->6) bond hydrolyzing enzymes. The Leul77->His mutation resulted in a loss of selec tivity and the Trp178->Arg mutation resulted in in creased selectivity, but with substantial losses in activ ity, whereas applicant found increased relative selectiv ity of hydrolysis of a-(1-->4) bonds over a-(1->6) bonds with either only a small loss of activity or none at all with mutations at the 119, 182, 183, and 184 positions.
These results provide highly signi?cant commercial potential.
SUMMARY OF THE INVENTION In accordance with the present invention there is provided a process for converting starch into a syrup containing dextrose, the process including the steps of saccharifying starch hydrolyzate in the presence of a mutated glucoamylase or related enzyme, and increas ing the selectivity of the glucoamylase or related en zyme for a-(1-+4) glucosidic bonds by the glucoamy lase or related enzyme including at least one mutation, the mutation substituting an amino acid of the glucoa mylase or related enzyme with an amino acid chosen by comparison with functionally homologous regions of other enzymes that selectively hydrolyze only a-(l->4) glucosidic bonds. ies for Asn l 82->Ala and wild-type glucoamylases. Con ditions for reactions were 30% (wt/wt) initial glucose in 0.1 M sodium acetate buffer in deuterium oxide at pH 4.5 and 35° C. Asnl82+Ala and wild-type enzyme concentrations were 10 and 5 mg/ml, respectively. Rate of product formation represents the sum of isomaltose and isomaltotriose as monitored by 1H NMR spectrom etry (22) at 500 Mhz measured at 4.94 ppm on a Bruker AM-500 spectrometer. 0 represents Asnl82->Ala and +wild-type enzyme. The initial ratio of rates of forma tion rates of a-(1->6)-to a-(l->4)-bonds for Asnl8 2->Ala is 22% that of wild-type glucoamylase.
DETAILED DESCRIPTION OF THE INVENTION
The present invention provides a novel enzyme and a method of using the enzyme for producing glucose from starch. Generally, the method includes the steps of partially hydrolyzing precursor starch in the presence of a-amylase and then further hydrolyzing the release of D-glucose from the nonreducing ends of the starch or related oligo-and polysaccharide molecules in the presence of glucoamylase by cleaving a-(1-->4) and a-(l->6) glucosidic bonds.
The present invention also relates to enzymes that are considered to be related to glucoamylase. For example, this group of related enzymes includes a-amylase, glucosyltransferase and a-glucosidase.
More particularly, the partial hydrolysis of the pre cursor starch utilizing a-amylase provides an initial breakdown of the starch molecules by hydrolyzing internal a-(1->4) linkages. In commercial applications, the initial hydrolysis using a-amylase is run at a temper ature of approximately 105° C. A very high starch con centration is processed, usually 30% to 40% solids. The initial hydrolysis is usually carried out for ?ve minutes at this elevated temperature. The partially hydrolyzed starch can then be transferred to a second tank and incubated for approximately one hour at a temperature of 85' to 90° C. to derive a dextrose equivalent (D.E.) of 10 to 15.
The step of further hydrolyzing the release of D glucose from the nonreducing ends of the starch or related oligo-and polysaccharides molecules in the presence of glucoamylase is generally carried out in a separate tank at a reduced temperature between 30' and 60° C. Preferably the temperature of the substrate liquid is dropped to between 55° and 60° C. The pH of the solution is dropped from 6 to 6.5 to a range between 3 and 5.5. Preferably, the pH of the solution is 4 to 4.5.
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The glucoamylase is added to the solution and the reac tion is carried out for 48 to 72 hours.
As mentioned above, condensation products are formed including a-(1->6)-linked isomaltooligosaccha rides. The kinetics of reversion are set forth in detail by Nikolov et a1, 1988 (9) . The signi?cance of this rever sion reaction is that although glucoamylase is capable of hydrolyzing all D-glucosidic linkages found in starch, D-glucose yields higher than 95% of theoretical are not achieved in concentrated starch dextrin solutions be cause of the occurrence of condensation reactions in volving D-glucose, commonly referred to as reversion reactions (12-16).
The condensation reaction is a bimolecular reaction whereas the hydrolysis reaction is a unimolecular reac tion. Therefore, utilizing a high solids concentration as commonly utilized in industrial applications leads to formation of signi?cant amounts of the condensation products. Although the processing of the starch at lower concentrations would reduce the condensation products, such a change is commercially unwanted. This results from the fact that it is very expensive to either ship the unconcentrated glucose product solution (having a high weight relative to concentrated product syrup) or to boil off the liquid to concentrate the glu cose product.
In accordance with the present invention, an im provement is provided by incubating the partially hy drolyzed starch or related oligo-and polysaccharide molecules in the presence of the glucoamylase or re lated enzymes including at least one mutation substitut ing an amino acid chosen by comparison with the struc turally related regions of other enzymes that exclusively hydrolyze only a-(1->4)-glucosidic bonds. This ratio nale is used to increase the selectivity of the enzymes for a-(l->4)-glucosidic bonds. As set forth in the Back ground Art section, these mutations were derived from sequence comparison studies by applicant from identi cal A. niger and A. awamori glucoamylases. As stated above, these studies identi?ed amino acids that were common to the related enzymes that cannot hydrolyze a-(l-+6)-glucosidic bonds from those that can hydro lyze a-(1~->6)-glucosidic bonds.
More speci?cally, the mutation of the amino acids were made at positions corresponding to A. niger in Region 1 residues 109-122, Region 4 residues 172-184, and Region 6 residues 382-398 mutated to the amino acids of homologous positions of the enzymes which selectively hydrolyze only a-(1->4)-glucosidic bonds. It has been found that the mutated glucoamylase with Ala182 provides a signi?cantly higher maltose/isomal tose selectivity (selectivity for a-(l->4) glucosidic bond hydrolysis as compared to a-(1->6) glucosidic bond hydrolysis) while having only a small decrease in activ ity. Moreover, isomaltose formation from 30% glucose by the mutated Asn182-+Ala glucoamylase was only 20% that of wild-type glucoamylase, as measured by NMR demonstrated Asnl82-~>Ala to reduce the initial rate by 80% compared to wild-type enzyme. After 33}, hours of incubation, the isomaltose content reached in the presence of mutant enzyme was estimated to be approximately one third of that reached in the presence of the equivalent amount of wild-type enzyme. Further, a statistically signi?cant increase in glucose yield is produced by the mutated glucoamylase Asn182->Ala compared to wild-type glucoamylase. Applicant has found an approximately 1% increase in glucose yield (1% of the remaining 5% of potential gain in yield; i.e. from 95% to 96%). Applicant has created an enzyme increasing glucose yield by at least 20% of the remain ing available yield. This is accomplished by the glucoa mylase mutation having increased speci?city for hydro lyzing a-(1->4)-glucosidic bonds preferentially over a-(l->6)-glucosidic bonds while maintaining at least 75% of the activity of the enzyme, based on hydrolysis of the disaccharide maltose.
The mutated glucoamylase can be used in the present inventive process in combination with an enzyme that hydrolyzes only a-(l->6) glucosidic bonds in molecules with at least four glucosyl residues. Preferentially, the mutated glucoamylase can be used in combination with pullulanase or isoamylase. The use of isoamylase and pullulanase for debranching, the molecular properties Enzyme reagents, and construction of mutations using cassette mutagenesis were carried out as described in the Sierlts et al., 1989 reference (10). The Asn182-->Ala mutation was constructed in the Hpal-Apal cassette by using the nucleotides 5' ATGGGCCCGGTGTTGCACATTCGTAAG-3' and 5'-GCTGGCTCGTCTTTCTTTAC GATTGCTGT-3' as cassette and mutagenic primers, respectively, containing a IS-base-pair overlap. The following oligonucleotides were used for construction of the 119, 183 and 184 mutants. The following'experimental evidence exempli?es the selectivity and activity of the subject mutated glucoa mylase in accordance with the present inventive pro cess for enzymatically deriving glucose from starch. Production, puri?cation, and kinetic characterization of the mutated enzymes was performed as set forth in Sierks et al., 1989 (10) . Results shown in Table V Results of the kinetic studies of the six mutations using maltose, maltoheptaose, and isomaltose as sub strates are given in Tables I and V. The above results produced selectivities for the mutants in positions 119, 183, and 184 set forth in Table VI. Values'of km; for the Leul77->His mutation also decreased for all three substrates compared to wild-type glucoamylase, that for isomaltose more than tenfold and those for maltose and maltoheptaose ?vefold. KM val ues increased less than 50% for maltoheptaose and iso maltose but threefold for maltose. Selectivity for iso maltose over maltose hydrolysis was again relatively unchanged from that of wild-type enzyme, while that for maltoheptaose over maltose cleavage doubled. Al though replacement of the aliphatic and hydrophobic Leu177 by the aromatic and hydrophilic His hardly affected selectivity of maltose over isomaltose, se quence similarity suggests that a hydrophobic aromatic ring, found at this position in all of the a-amylases ex cept Taka~amylase A, should increase it.
The km, values for the Trpl78~+Arg mutation de creased five-to eightfold for the three substrates com pared to wild-type glucoamylase. KM values decreased slightly for maltose and increased slightly for maltohep taose when compared to the wild-type enzyme. The KM value for isomaltose, however, more than doubled, leading to a doubling of the selectivity for maltose over isomaltose hydrolysis. Selectivity for maltoheptaose over maltose cleavage was unchanged.
Values of km, for the Asn_182->Ala mutation for each of the three substrates decreased slightly compared to wild-type glucoamylase, but not nearly to the extent of the other mutations. The KM value for maltose de creased slightly, the value for maltoheptaose increased slightly, and the value for isomaltose doubled. These changes in binding are re?ected in a more than doubling of selectivity for maltose over isomaltose cleavage com pared to wild-type glucoamylase, as well as in a signifi cant decrease of selectivity for maltoheptaose over maltose hydrolysis.
The Trp178_->Arg and Asn182->Ala mutations led to the desired increases in selectivity for maltose over isomaltose hydrolysis, although the former was accom panied by a much greater decrease in values of km, for the three substrates than the latter. These two mutations were based on substitutions to make the glucoamylase active site more like the active site of amylases, which lack the capability to hydrolyze a-(1->6)-D-glucosidic bonds. Since the binding of maltose and isomaltose was differentially affected by the two mutations, while val ues of km, were decreased by the same relative amounts for all three substrates, Trp178 and Asnl82 affect sub site 2 in such a way that they interact more strongly with maltose than with isomaltose.
Kinetic parameters of the Serl19-->Tyr mutant dis played a slightly higher km, and lower KM for maltose and a slightly higher km, and two-fold higher KM value for isomaltose. This resulted in an increased speci?city by over two-fold for maltose over isomaltose. The Gly183->Lys mutant showed slightly increased km, and decreased KM values with maltose and increased km, and KM values for isomaltose resulting in a slight in crease in selectivity. Finally, the Ser184 His mutant also increased km, and decreased KM for maltose, with little effect on the isomaltose kinetic parameters. This pro duced an increased relative speci?city of just under two-fold for this mutant.
The above results show that all of the mutations based on sequence homology (119, 178, 182, 183, and 184) with the a-(1->4) enzymes resulted in increased selectivity for maltose hydrolysis, and all but the 178 mutation had only slightly reduced if not better activity.
There is good evidence therefore that other mutations in these two regions as well as in the third region of similarity (Region 6) will also provide an increase in selectivity. This is also evidence that the amino acids selected by applicant may not be the only or even best choices at a particular position, since in a number of cases more than one amino acid could have been picked.
This provides signi?cant grounds to conclude that any mutation in these three regions and any amino acid at one of the positions are encompassed within the present invention. These mutations demonstrate that it is possible to predict functional changes in enzymatic activity based entirely on homology, with enzymes for which no three-dimensional structure is known, but for which functional differences exist that can be correlated with known functional residues.
Condensation studies for Asnl82->Ala and
Wild-Type glucoamylases
At high glucose concentrations, glucoamylases cata lyze condensation reactions of which isomaltose is the most signi?cant accumulated product. The following experiment compares the catalyses of the condensation reactions for Asnl82~>Ala and wild-type glucoamy lases. 30% (wt/wt) initial glucose in 0.1 M sodium acetate buffer in deuterium oxide at pH4.5 was incubated at 35° C. Asn182->Ala and wild-type enzyme concentrations were 10 and 5 mg/ml, respectively. The rate of product formation represents the sum of isomaltose and isomal totriose as monitored by 1 H NMR spectrometry at 500
MHz measured at 4.94 ppm on a Bruker AM 500 spec trometer. In FIG. 4 , 0 represents Asnl82-+Ala and+wild-type enzyme. When corrected for the differences in enzyme concentrations, the initial ratio of formation rates of a-( l->6)-to a-(1->4)-bonds for Asnl82 Ala mutant is 22% that of wild-type glucoamylase as determined by curve fitting (22).
The data shows that the initial rate of isomaltose formation catalyzed by the Asnl82-»Ala mutant de creased S-fold compared to wild-type glucoamylase as shown in FIG. 4 . This is due to the specific destabiliza tion of the isomaltose transition state complex. This experiment shows a mechanism of action by which the mutant enzyme may raise the glucose yield from con centrated starch solution above the 95% normally ob tained.
At sixty hours of incubation the total concentration of isomaltose and isomaltotriose produced by wild-type glucoamylase was approaching its equilibrium value (about 0.14 m), while that produced by twice as much of the Asn182+Ala mutant was less than 0.1M. The following experiments compare glucose yield (glucose concentration, g/ L) between native glucoamy lase from Aspergillus niger with and without debranch ing enzymes, wild-type glucoamylase from Sac chromyces cerevisiae with and without debranching en zymes, and Asnl82->Ala glucoamylase from Sac chromyces cerevisiae with and without debranching en zymes. As discussed above, the two debranching en zymes used, pullulanase and isoamylase, have already been used to a limited extent for this purpose. Neither debranching enzyme can hydrolyze a-(1->6) bonds in substrates with fewer than about four glucosyl residues. Accordingly, the enzymes cannot hydrolyze isomal tose, which has only two glucosyl residues.
The equilibrium between glucose and isomaltose re mains unchanged. This occurs not matter what enzyme is being used. Since the equilibrium is determined solely by the thermodynamics of the reaction, a change in the relative rate at which two molecules of glucose are made by the hydrolysis of isomaltose will be matched by the same proportional change in the rate at which isomaltose is made by the condensation of two mole cules of glucose. This is dependent upon microscopic reversibility of the system.
Materials and Methods
The strain of Sacchromyces cerevisiae yeast carrying the glucoamylase from Aspergillus awamori, either mu tated (Aspl82->Ala) or unmatched (designated as wild type) are grown at 30° C. for 72 hours in ten liter batches in a l9-liter Lab-Line Bioengineering fermenter in the Iowa State University Fermentation Facility. The growth medium initially contained 2% glucose, 1.7 g/L yeast nitrogen base, 5 g/L ammonium sulfate, 100 mg/ L L-histidine, but no leucine. Since the plasmid carrying the glucoamylase gene coded for L-leucine production while the parent yeast strain did not, L-leucine was excluded from the medium. The medium was kept at pH 4.5 by the addition of ammonium hydroxide. Air was added to the medium so that oxygen remained at 80% of saturation. Glucose was added at 27, 52, and 60 hours to bring its concentration back to 2%, or was added only once, at 48 hours, again to 2% so that the effect of glucose concentration on glucoamylase yield could be studied.
The fermentation broth was ?ltered by an ultra?ltra tion membrane and the clear supernatant containing the wild-type or mutated glucoamylase was collected. The collected supematants were concentrated by ultra?ltra tion to 100 mL, freeze dried, redissolved, dialyzed, and added to a DEAE-Fractogel column, which was eluted by either a decreasing pH gradient or an increasing sodium chloride gradient. Normally, glucoamylase is puri?ed by passage through DEAE-Fractogel column with a decreasing linear gradient of pH 6 to 3. The mutated enzyme, how ever, was not adsorbed well under these conditions as a large part exited at the void volume. Therefore, it was puri?ed at pH 6 using a linear salt gradient from 0.0 to -0.4M sodium chloride. Only one glucoamylase peak was obtained with this column and with a column packed with acarbose, a potent glucoamylase inhibitor, coupled to Sepharose.
Referring to Tables II-IV, Applicant has demonstrated that the addition of pul lulanase orisoanylase to glucoamylase always gives a 14 
